This paper evaluated the probability of landslide susceptibilities through the application of the Transient Rainfall Infiltration and Grid-Based Region Slope-Stability model in Cau river basin (Vietnam) using the scenarios-based approach under the influence of the warming climate. The tested cases were developed based on various options including rainfall amount and distribution, soil depth determination, and land-cover conditions. Input data for extreme rain events included historical rainstorm in 2013, the Probable Maximum Precipitation (PMP) with the durations of 24 hours and 48 hours. The results illustrated the reduction of slope stability when the land cover changed from land-use data in 2007 (Ha12) to land-use data in 2015 (Ha22). When the whole region was assumed to be replaced by soil (Ha02), the factor of safety (Fs) decreased to lower magnitude when compared to Fs value regarding to changes in land cover condition (Ha12 & Ha22) and changes in soil-depth (Ha33). The model simulations demonstrated the agreement with the slope-failure hazard association with the destabilizing factor such as slope-cutting activities at historical landslide events. Under the same land-cover and soil depth condition, the average value of factor of safety regarding to the historical rainstorm in 2013 (Ha32) declined by 0.069 and 0.189 when compared to Fs of the 24-hour PMP with the storm distribution type 3 (1332) and Fs of the 48-hour PMP with the storm distribution type 3 (2332), respectively. The results reveal that in a warming climate, changes in extreme precipitation in terms of rain-total, rain-duration, and rain-distribution would result in the expansion of slope instability in the hilly region. This application is considered as a prevailing method for landslide susceptibility analysis and would provide important information for authorities in developing adequate land-management in the river basin.
Introduction
Vietnam, a tropical country locating within the Southeast Asian typhoon belt, often suffered from tropical cyclones and depressions annually. Recently, abnormal weather phenomena such as torrential rain have been occurring with more frequencies and higher intensities; water-related disasters including floods, debris flows and landslides have also borne catastrophic consequences to the society. Being parallel with the requirements of economic development and population pressure in Northeast region, a large number of arteries connecting residential zones have been constructing and rehabilitating in such hilly region. Exploiting activities from mining, deforestation and infrastructure constructions in mountainous areas have led to the increase of bared land on hill-sides. High rainfall intensities in addition to human interferences in the natural slope condition (slope-cut and tree-cutting on hilly sites), and changes in land cover condition are major triggers to the landfall occurrences in this area. The expansion of the development activities could lead to the rise in slope failures especially during triggering events such as prolonged extreme precipitation, which has been influenced greatly by climate change.
According to [1] [2] and [3] , there are two major techniques for landslide susceptibility; they are qualitative method and quantitative method. The qualitative method, including inventory and heuristic approaches, refers to expert-based method; it based on landslide inventory and historical information to evaluate and determine main parameters among them. It also identifies sites with similar conditions of geology and geomorphology to evaluate the susceptibility of failure. The inventory map is implemented using satellite images, ground survey and historical database of landslide occurrence. This method highlights the location and scales of historical landslides, and is seen as one of the most susceptibility mapping techniques. It would give spatial distribution of past landslides and might be utilized for evaluating reducing risks of slope failures on a regional scale; however it does not provide prediction of landslide susceptible areas. The heuristic, which requires long-term landside data and causative parameters, estimates potential landslide from preparatory variables. Such an expert-driven approach depends on the knowledge and experiences of scientists in deciding degree and type of landslide risks. The quantitative methods, including statistical and deterministic methods, utilized mathematical model to assess the probability of slope-failure occurrence so as to identify risk regions. The statistical/stochastic method analyses the relationship between existing landslides and instability factors; it would provide prediction of landslide in region that might not have landslide in the past based on statistical analysis of landslide ground characteristics. However it T. T. T. Le needs a large amount of data collection and is suitable for medium scale prediction. The deterministic approach requires physical processes to analyse the equilibrium mechanical of potential block, and to calculate a factor of safety [4] . It can be applied for detailed studies at large scale [5] . However, difficulties in obtaining, checking and processing data especially large spatial dataset in regional slope stability studies reveal the limitation of this approach. The application of deterministic is often in case of simple landslide types in fairy homogeneous geology condition [2] .
Recent studies analysed the slope instabilities in North area using the statistical method for a regional scale; the deterministic method is often applied for a local scale. In addition, the Vietnamese Government conducted a national project 2012-2020 to produce the landslide inventory maps for mountainous provinces. In fact, it is difficult to evaluate and obtain records of slope failures locating in remote areas; this project thus implemented investigations along main arteries to map landfall records that are related to the man-made slope failures in populated regions. It is noted that the Northern region is relied strongly on agriculture activities [6] ; it thus is more prone to changes in weather when it has experienced with the growing number of extreme weather events during the past few years. This paper therefore would like to address the probability of landslide susceptibilities through the development of physical model in a regional scale focusing the roles of rainfall in relation to conditioning factors including changes land-use under the influence of the warming weather.
Study Area and Data
The Cau river basin belonging to Bac Kan and Thai Nguyen provinces is the fo- 
Methodology
In this paper, the landslide susceptibility is analysed based on the deterministic method using a Transient Rainfall Infiltration and Grid-Based Region Slope-Stability (TRIGRS) model [11] . In this program, the pore-water pressure and the value of factor of safety (Fs) are calculated on a cell-by-cell basis and can be operated in the geographic information system [11] . The model evaluates changes in the transient pore pressure and the factor of safety due to rainfall infiltration; it is thus often applied for analysing rain-induced landslides. The infiltration model for initially unsaturated conditions of finite depth of the bedrock was selected for this river basin; as described Figure 5 (a) the soil profile was divided into two main layers including a saturated zone beneath the water table, and an unsaturated zone expanding to the ground surface [12] . The factor of safety Fs at depth Z below the ground surface was derived from the balance between the downslope components of the gravitational driving stress and the resisting stress for saturated soils; Fs was defined by separating the time-variant term and the steady terms as in Equation (1) In this study, a scenario-based approach is applied for landslide risk assessment under extreme weather condition; main input layers for TRIGRS model include rainfall intensities and durations in relationship with soil physics, hydro-geology and slope conditions ( Figure 5(b) ). In addition to the Digital Elevation Model (DEM), information of soil and precipitation was discretized and assigned in each cell in order to simulate rain infiltration as well as vertical flow through the unsaturated zone. Regarding to the thickness of topsoil-a major parameter for the slope instability evaluation, it is difficult to obtain this information and it is not feasible for field investigation upon a large scale region. The spatial distribution of this parameter is usually predicted based on empirical relationship between topography attributes and soil thickness. In this paper, we applied the Saulnier method (1997) [13] to determine soil thickness in each pixel; this approach is based on the assumption of decreasing linear function between topographic slope and soil depth as described in Equation (2):
In which Z min and Z max refer to minimum and maximum values of effective soil depths, respectively; δ min and δ max are the minimal and maximal values of slope angle, respectively; Z i and δ i represent the soil depth and slope angle at the calculated cell i. VN) ) covering the entire area of this catchment. Extreme precipitation was selected from storm events that resulted in landslides. Additionally, under the impacts of climate change, the rises in temperature are believed to drive stronger downpours in many regions across the world. The magnitudes of extreme rainstorm under warmer climate were computed using the Probable maximum precipitation (PMP) relation to the moisture maximization method [15] [16] . The temporal rainfall distributions were also analysed regarding to the most heavy rainstorm events in the study site.
Results

Scenarios Setup
To evaluate the slope stability condition in the Cau river basin, we applied the scenario-based approach, in which we considered options of rainfall intensity and distribution, characteristics of surface condition, and the soil depth estimation. The actual rainstorm event was selected based on rain records from 2010 to 2016. During this period, the annual rainfall in the study area varied from 1391 mm (2011) to 2029 mm (2013); the highest values of the maximum-24-hour precipitation at most rain-stations occurred in the year 2013. Heavy rain in 2013 also resulted in a great number of landslide occurrences across the region; for example, according to the report of Bac Kan province, the road 258 from Bac Kan to Ba Be with the length of 40 km was closed in 1 month and was rehabilitated in about 3 months as a consequence of landslide occurrences triggering af-Open Journal of Modern Hydrology ter the downpour in the late of May 2013. In addition, the national project also conducted the landslide inventory map in Bac Kan province in 2013. Despite the fact that the investigation was implemented through the transect walks method across traffic routes in this province, and the landfall often associated with slope-cut activities; this database of landslides still provided important references for the study of sliding issues in the study area. Therefore we utilized heavy rainstorm in 2013 (Figure 6(a) ) to analyse the probability of landfall in this catchment under the impact of the historical rain event. The Thiessen polygons were constructed around stations within and near the basin to determine the areas that were represented by the stations as illustrated in Figure 1 (a) [17] ; the Inverse Distance Weight (IDW) interpolation was also applied to estimate the spatial distribution of rainfall in the catchment as described in Figure 6 Table 1 .
Information of soil and hydro-geology in the catchment was gathered from recent studies [19] - [25] as well as the field investigations in 2017 and 2018, in which soil samples were tested in the geotechnics laboratory in Thuy Loi university. The average input parameters of soil properties regarding to main geology regions are summarized in Table 2 .
In addition to the worst case of bared land across the region (the cohesion c in Equation (1) refers to the soil cohesion c s ), the land-use data obtaining from JAXAin two time periods 2007 and 2015 was put in the model to set up scenarios; the cohesion c in Equation (1) is the sum of the soil cohesion c s and the root cohesion Δc. The root cohesion was estimated using the trial-and-error method Figure 8 ).
Because the information of groundwater table was unavailable, it was assumed that the initial groundwater table was at the bottom of the weather soil layer in summer time without antecedent rain. Based on options of rainstorm event amount (R), rainfall distribution (D), land cover condition (L), and soil depth assumption (S), we set up scenarios (RDLS) to compute the factor of safety for the whole region of Cau river basin as described in Table 4 .
Evaluation of Landslide Susceptibility
In case of actual rainstorm distribution in 2013, we calculated the factor of safety of cells that could be prone to the instability was higher than that of option Ha32
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( Figure 12 ).
In addition, in order to estimate the changes in Fs, we considered the option Ha32 as a base case and computed the difference between Fs_Ha32 and factor of safety for other scenarios throughout the basin ( Figure 13 ). In general, the val- Soil Depth  S  1  1  2  2  2  2  3  2  2 
Conclusions
According to [29] , the stability condition was classified into four groups: 1) Unstable when Fs < 1, the stability requires stabilizing factors; 2) Quasi-stable when 1 ≤ Fs < 1.25, the instability would be resulted from minor destabilizing factors;
3) Moderately stable when 1.25 ≤ Fs < 1.5, the instability would be resulted from In fact, most of historical landslides were investigated along main arteries and often associated with road-cut slopes; the instability condition of such man-made slopes were more prone to changes in the environmental condition than that in case of natural slope (as in the model simulation using the global DEM data). It thus reveals that the TRIGRS is sensitive to the DEM data input especially in case of changes in slope conditions. However, the simulation demonstrated the agreement with the risk of slope-failures in a relationship with destabilizing factors including slope-cutting activities. Differences in the resolution of input data also influenced the output data as illustrated in scenarios Ha22 (JAXA 2015 using 100-meter resolution) and Ha32 Open Journal of Modern Hydrology In addition, under the changes in climatic condition, extreme precipitation would result in higher probability of unstable regions. It is noted that under the same amount of the storm-rain and storm duration, for example 24-hour-PMP, the landslide prone areas would expanse in case of changing the storm distribution from type 1 (scenario 1132) to type 3 (scenario 1332). Comparing the rise of ΔFs in case of changing rain-event from actual storm in 2013 to 24-hour-PMP (126.9 mm -332.4 mm rise in rain amount), the factor of safety still decreased significantly when the downpour total of 24-hour-PMP increased by 21.7 mm -169.1 mm in a further 24 hours to reach the magnitude of 48-hour-PMP ( Figure  13 ). This reveals the importance of three major components of a storm events Open Journal of Modern Hydrology including rain-amount, rain-duration, and rain-distribution to the stability condition of hilly sites.
In conclusion, the model simulations obtained uncertainties raising from the estimations of soil-depth and groundwater based on geologic and hydrologic background for a regional scale, as well as the application of average values of soil properties and the same thresholds of root cohesion Δc. Subjective errors in drawing polygons from the Google Earth soft-ware, especially in case of small landslides also hindered the evaluation of the historical landfalls. However, the findings would provide important information for authorities in developing adequate land-management in the river basin considering the relationship between landslide-prone area and changes in land-cover situations.
